Alterations in proto-oncogenes and tumor suppressor genes play a role in the sequence from Barrett's metaplasia to esophageal adenocarcinoma. The present study aims to ascertain whether molecular abnormalities take place in Barrett's metaplasia and low-grade dysplasia and to correlate them with the histological features of the esophageal mucosa. Forty-one formalin-fixed, paraffin-embedded endoscopic esophageal biopsies were classified according to the type of metaplastic changes (noncolumnar fundic and cardial metaplasia; columnar metaplasia, with and without intestinal features). After microdissection samples were examined for loss of heterozygosity (LOH) using polymorphic markers on 5q (D5S82), corresponding to APC (adenomatous polyposis coli) gene, 13q (CA repeat in intron 2 position 14815 to 14998 of the retinoblastoma gene), 17p (D17S513) corresponding to p53 locus, and for p53 mutations. Molecular alterations including LOH, allelic imbalance, and microsatellite instability could be detected in all types of metaplastic changes and sporadically in the squamous epithelium adjacent to the metaplastic tissue. Molecular alterations involving microsatellites D5S82 and the CA repeat inside the retinoblastoma gene were more frequent in nonintestinal metaplasia whereas those involving the p53 locus took place in columnar intestinal metaplasia and in low-grade dysplasia. Clonal changes were demonstrated in different metaplastic areas in three patients. Genetic alterations comprising LOH and microsatellite instability characterize Barrett's mucosa and appear related to the type of metaplastic change. Some of them precede the development of intestinal metaplasia, suggesting that genetic alterations take place earlier than previously thought. (Lab Invest 2001, 81:241-247).
B
arrett's esophagus, caused by the chronic injury of the gastric acid reflux, is a precancerous condition. It is estimated that the risk of neoplasia in Barrett's esophagus, through the intermediate step of dysplastic transformation of the columnar epithelium, is 125-fold higher than in general population (Souza and Meltzer, 1997) . A number of molecular abnormalities under the form of proto-oncogene alterations, loss of heterozygosity (LOH) of putative tumor suppressor genes, mutations of tumor suppressor genes, and microsatellite instability are thought to represent the genetic background of metaplastic and dysplastic changes. Allelic losses at multiple chromosomal loci corresponding to diverse tumor suppressor genes have been demonstrated in esophageal adenocarcinoma (Barrett et al, 1996; Hammoud et al, 1996; Huang et al, 1992; Meltzer, 1996; Ying et al, 1992) . In particular 17p LOH, corresponding to p53 locus, has been implicated in most adenocarcinomas at a rate ranging from 50% to 90% Meltzer et al, 1991; Montesano et al, 1996) . Other loci and corresponding tumor suppressor genes such as 5q, the adenomatous polyposis coli (APC) locus, 13q, the retinoblastoma (Rb) locus, and 18q, the deleted in colon cancer (DCC) locus, have been proposed to have a causative role in esophageal adenocarcinogenesis ( Blount et al, 1993; Boynton et al, 1991; Gonzalez et al, 1997; Zhuang et al, 1996) .
Investigators have also attempted to delineate a specific molecular sequence of genetic damage, showing that 17p LOH represents an early event that usually precedes 5q and 18q LOH during the progression from Barrett's esophagus to dysplasia and then to adenocarcinoma. Among the tumor suppressor genes, p53 inactivation by mutation remains the most investigated both by immunohistochemistry and molecular biology. In particular, p53 has been found mutated not only in esophageal adenocarcinoma but also in Barrett's esophagus with and without dysplasia (Casson et al, 1991; Gleeson et al, 1995; Hamelin et al, 1994; Neshat et al, 1994; Schneider et al, 1996) . Microsatellite instability takes place at highly repeated sequences corresponding to microsatellite polymorphic loci. It is considered a sign of DNA replication infidelity caused by mutations in DNA mismatch repair genes (MRG) like MSH 2 on chromosome 2p and MLH 1 on chromosome 3p. Microsatellite instability has been demonstrated both in Barrett's metaplasia and esophageal adenocarcinoma .
Although several studies have investigated the role of different oncogenes and tumor suppressor genes in esophageal carcinogenesis (Dolan et al, 1999; Jankowski et al, 1999; Roncalli et al, 1998; Walch et al, 2000; Wu et al, 1998) , focusing on the advanced stages of progression from dysplasia to neoplasia, scarce data are available on genetic alterations occurring in Barrett's esophagus in the absence of neoplastic and/or dysplastic changes (Campomenosi et al, 1996; Galipeau et al, 1999 ) . Three major histological forms of Barrett's esophagus have been described: a specialized columnar type, a cardiac type, and a fundic type. The most distinctive is the specialized columnar type, which is a mixture of gastric and intestinal mucous cells. The other forms of Barrett's epithelium resemble cardiac and atrophic fundic mucosa, respectively. Only columnar metaplasia is indicative of Barrett's esophagus, whereas the other two types require correlation with the exact location of the biopsy site (Goldman et al, 1996) .
Molecular alterations of the different types of metaplastic mucosa have not been investigated. We microdissected various types of mucosal metaplasia from endoscopic biopsies of Barrett's esophagus unassociated with esophageal adenocarcinoma and evaluated molecular alterations of markers on 5q (D5S82), 17p (D17S513), 13q (CA repeat intron 2 of retinoblastoma, position 14815 to 14998), as well as p53 gene mutations. The aim of our investigation was to assess the early molecular alterations characterizing Barrett's esophagus.
Results
Microdissection of the 41 specimens yielded 118 samples available for the study. The distribution of microdissected samples according to the different types of metaplasia and dysplasia was the following: 26 normal tissue samples, 38 squamous tissue, 12 cardial metaplasia, 13 atrophic fundic metaplasia, 4 columnar metaplasia, 12 columnar and intestinal metaplasia, 3 columnar metaplasia and low-grade dysplasia, 10 columnar and intestinal metaplasia and low-grade dysplasia (Fig. 1). p53 Mutation p53 mutations were detected in 10 of 102 (9.8%) samples microdissected from 10 specimens (24%). The details of p53 mutations in the microdissected samples are reported in Table 1 . Overall, p53 mutations were detected in 8% of cases without columnar metaplasia compared with 20% with intestinal columnar metaplasia and 30% with low-grade dysplasia.
p53 mutations were also detected in morphologically normal squamous tissue (6% of cases) adjacent to metaplastic lesions. p53 mutations were confirmed by DNA sequencing in six cases with the following results: mutation at the splicing site between intron 4/exon 5 (TGCAG to TACAG) in two cases corresponding to a squamous tissue and a sample of intestinal metaplasia with low-grade dysplasia; a mutation at codon 243, exon 7, from ATG to ACG, with methionine to threonine substitution, in a columnar metaplasia with low-grade dysplasia; a mutation at codon 261, exon 7, AGT to AAT, with serine to asparagine substitution, in one case of intestinal metaplasia; a mutation at codon 225, exon 7, GTT to GCT, with valine to alanine substitution, in squamous tissue; mutation of codon 307, exon 8, GCA to ACA, with alanine to threonine substitution, in intestinal metaplasia. In all other cases, we could not confirm the results obtained by single-strand conformation polymorphism (SSCP) because of the scarcity of DNA template obtained by microdissection.
17p, 13q, 5q LOH
Of the total samples, 73% , 90%, and 64% provided informative results for 17p, 13q, and 5q, respectively. Squamous epithelium showed four molecular alterations at the D17S513 marker characterized by two LOH (2 samples) and one microsatellite instability; a further alteration was observed as allelic imbalance at the D5S82 locus.
In nonintestinal metaplasia, D5S82, D17S513, and Rb CA repeat molecular alterations comprised 25%, 25%, 20% of cases, respectively, whereas in intestinal metaplasia they ranged from 0% (D5S82) to 25% (D17S513), as shown in detail in Table 2 . Molecular alterations-either losses, imbalances, or instabilities-tend to occur more frequently in nondysplastic Hematoxylin-eosin sections of esophageal biopsies showing different types of Barrett's epithelium. From left to right: fundic atrophic type, cardial type, and intestinal type (magnification: ϫ20, ϫ40, ϫ40).
Romagnoli et al
cases, either with or without intestinal metaplasia, as shown in Table 2 . In two patients microsatellite instability observed respectively for two (CA repeat intron 2 of Rb, D5S82) and three markers suggests, at least in the latter case, a replicating error (RER) phenotype (Fig. 2C ).
Clonal Changes in Samples from the Same Patient
In three patients the same molecular alteration was documented in two or more microdissected samples. In the first case, allelic instability for D17S513 was detected in both squamous epithelium and in lowgrade dysplasia associated with intestinal metaplasia.
In the second patient, we documented a p53 exon 7 mutation in both squamous tissue and cardial metaplastic tissue; in addition, allelic imbalance for D5S82 was present in squamous tissue and LOH in cardial metaplasia ( Fig. 2A) . In the third patient, LOH for D17S513 was demonstrated in both squamous tissue and atrophic fundic metaplasia (Fig. 2B) . Therefore, in all these cases, alterations involved either the D17S513 locus or the p53 gene.
Discussion
The present study aims to assess the molecular alterations in bioptic material of patients bearing Barrett's esophagus and to ascertain by means of a new tool, like the microdissection technique, the molecular background of each different type of Barrett's metaplasia and even of normal squamous tissue adjacent to metaplastic tissue. Several studies have demonstrated molecular alterations in nondysplastic Barrett's mucosa as well as in low-and high-grade dysplasia in cases of adenocarcinoma arising from Barrett's mucosa. Because most of these studies have been carried out on resected specimens harboring esophageal adenocarcinoma, widespread mutational events involving the adjacent nonneoplastic mucosa, so called 'field cancerization,' might have biased the aforementioned results. Few data have been published correlating the molecular genotype and the different metaplastic changes of Barrett's mucosa, especially in nondysplastic or low-grade dysplastic lesions (Campomenosi et al, 1996) .
We used a relatively new approach and microdissected endoscopic biopsies obtained in patients with Barrett's esophagus to obtain samples specific for every type of metaplastic tissue. This technique ensures enrichment and purity of the tissues to be studied and guarantees the specificity of the molecular events encountered.
In contrast to the abundant data implicating p53 mutations (occurring in up to 60% of cases) in esophageal adenocarcinoma and immediate precursors such as high-grade dysplasia (Hamelin et al, 1994; Neshat et al, 1994; Schneider et al, 1996) , data on the molecular genetics of the metaplastic mucosa harboring low-grade or no dysplasia are relatively scarce. These studies suggest that the role of p53 mutations in these earlier lesions is less strong than in advanced ones. Nevertheless, these data lack accuracy in exactly defining the grade of dysplasia and are also limited by the small number of cases investigated. The pattern of LOH among the most studied regions, corresponding to the tumor-suppressor genes APC (5q), Rb (13p), and p53 (17p), appears more heterogeneous. Loss of heterozygosity, allelic instability, and allelic imbalance have been detected much earlier than the mutational events that are a feature of severe dysplastic and neoplastic changes.
In our cases, p53 mutations are present throughout the whole spectrum of metaplastic changes and, interestingly, even in the histologically normal squamous epithelium. The rate of p53 mutations increases from squamous epithelium to columnar metaplasia with low-grade dysplasia. In particular, p53 mutations become a more common feature of the subset of samples showing columnar metaplasia associated with intestinal differentiation (20%) or low-grade dysplasia (30%).
Thus, the pattern of p53 mutations in the different microdissected tissue samples suggests that the mutational inactivation of this tumor suppressor gene may occur within a molecularly damaged squamous epithelium that is devoid of morphologic changes. The squamous mucosa progresses directly, or through intermediate steps such as cardial and atrophic metaplasia, to columnar metaplasia, with or without intestinal differentiation, and then to low-grade dysplasia. Genetic abnormalities in these early lesions are more frequently a feature of columnar metaplasia than of intestinal metaplasia, which is today considered a tissue marker for patients at risk of cancer with Barrett's mucosa. Similarly, D17S513 allelic losses are detected in a small number of samples with squamous epithelium and cardial metaplasia, whereas the prevalence increases in columnar epithelium with intestinal metaplasia.
Although both APC and Rb gene abnormalities have been detected in Barrett's adenocarcinoma, in 80% and 50% cases, respectively (Barrett et al, 1996; Boynton et al, 1991; Zhuang et al, 1996) , very little is known on the involvement of these genes in earlier steps of esophageal tumorigenesis. Analysis of lowand high-grade lesions associated with adenocarcinoma showed 14% 17p LOH in Barrett's adenocarcinoma and 42% in low-grade dysplasia and 10% 5q LOH in Barrett's and 21% in low-grade lesions with a clonal origin of such molecular alterations (Wu et al, 1998) . Our cases show that molecular alterations of Rb CA repeat are detectable in all types of Barrett's metaplasia, ranging from 18% of intestinal metaplasia up to 30% in atrophic fundic metaplasia. Molecular alterations involving D5S82, which were mainly represented in cardial metaplasia (33% of samples), showed a similar incidence. D5S82 LOH were present in a much smaller number of cases harboring atrophic fundic metaplasia (12%) and columnar epithelium with and without intestinal metaplasia (10%). These results therefore suggest that genetic alterations involving critical tumor suppressor genes such as Rb and APC genes take place in early lesions, with the exception of intestinal metaplasia.
We were able to document in three patients the presence of clonal molecular alterations in a number of tissue samples (from squamous epithelium to columnar metaplasia). In particular, we observed (a) p53 mutation in squamous epithelium and in nonintestinal metaplasia, (b) D5S82 allelic imbalance in squamous 
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epithelium and D5S82 LOH in nonintestinal metaplasia, and (c) D17S513 allelic instability in squamous epithelium and intestinal metaplasia with low-grade dysplasia, D17S513 LOH in squamous epithelium, and nonintestinal metaplasia. These data are in agreement with other groups' results regarding clonal genetic alterations (van Dekken et al, 1999 ) in Barrett's epithelium, pointing out that new and advanced methods (Whittles et al, 1999) may help in evaluating the cancerogenic potential of Barrett's metaplasia and that of squamous tissue next to metaplastic and/or dysplastic epithelium (Barrett et al, 1999; Dolan et al, 2000) .
Our results could have significant clinical implications, in particular for a more appropriate, individualized follow-up of patients with proven clonal abnormalities in their Barrett's mucosa. To this end, prospective studies will be required to confirm the presence of microsatellite molecular alterations in the different type of metaplastic tissues and their possible tumorigenic potential. The results of our investigation suggest that every kind of Barrett's metaplasia may harbor molecular alterations, and this raises the issue of whether Barrett's mucosa with dysplastic changes should be routinely evaluated for p53 mutation and/or 17p LOH, because these might be reliable molecular markers of the evolution towards cancer. Further studies should also determine whether these alterations could be demonstrated in serial biopsies of the same patient and whether they might be reversed by early successful treatment of the esophageal reflux.
In conclusion, molecular alterations have been documented in endoscopic biopsies of Barrett's mucosa, unassociated with traditional morphologic features of increased risk for cancer such as intestinal metaplasia and glandular dysplasia. These are equally represented in all types of metaplastic mucosa and even in histologically normal squamous epithelium. The prevalence of the described molecular alterations is consistent with the model of esophageal cancerogenesis recently proposed by Montesano et al (1996) . According to this model, p53 mutation provides the critical step toward dysplastic and neoplastic transformation. As our results suggest, this seems to be one of the most important events also in metaplastic columnar changes.
Materials and Methods
Forty-one cases of Barrett's esophagus, diagnosed from 1993 to 1998, were retrieved from the files of the Department of Pathology of the Milan University School of Medicine at San Paolo Hospital and Humanitas Clinical Institute. Case selection required foci of metaplasia suitable for microdissection and the presence of fragments of normal esophageal and/or gastric mucosa for LOH studies.
Routine hematoxylin and eosin-stained slides were evaluated for the presence of Barrett's esophagus and columnar epithelial dysplasia. Barrett's metaplasia was classified as either fundic type, cardial type, or columnar type with and without intestinal metaplasia.
Combined metaplasia, comprising two or more of these types, was also classified.
Three hematoxylin and eosin stained sections (8 thick) were microdissected using an Eppendorf (Hamburg, Germany) micromanipulator 5171. Each type of metaplastic change detectable in individual cases was subject to microdissection so that a mean of three to four microdissected samples were obtained, including the nearby adjacent squamous epithelium. Areas enriched for each type of metaplasia were collected in Eppendorf tubes, lyophilized, and resuspended in digestion mixture (50mM Tris-HCl, pH 8; 5mM EDTA; 0.5% Tween 20; 400 ng/l Proteinase K). Samples were digested overnight at 55°C. Proteinase K was inhibited by boiling for 7 minutes. Digested samples were stored at 4°C.
LOH of the short arm of chromosome 17 (17p13.1) was assessed by microsatellite assay using polymerase chain reaction (PCR) amplification of marker D17S513; LOH of the long arm of chromosome 5 (5q21) by a microsatellite marker inside the APC gene, D5S82 (Peng et al, 1995) ; and LOH on chromosome 13q14 by a microsatellite marker, CA repeat inside Rb gene, intron 2, position 14815 to 14998 (Ashida et al, 1997) . PCR-based microsatellite fluorescent assays were performed for 40 cycles (94°C for 1 minute, 55°C for 1 minute, and 72°C for 1 min) in a 25 l volume with 10 pmoles of each primer.
The polymerase chain reaction products were analyzed by ABI Prism 310 (PE Biosystems, Foster City, California), and results were evaluated with the support of GeneScan software (Applied Biosystems, Foster City, California). Only informative cases (heterozygous for the microsatellite markers used) were considered for analysis. PCR amplification and analysis were confirmed twice for each microsatellite marker.
Allelic loss of a polymorphic marker was considered to be present according to the criteria of Canzian et al (1996) . Allelic instability of a microsatellite was defined as the presence of at least one additional band in the DNA from Barrett's mucosa that was not present in the control sample. Allelic imbalance was defined by the decrease of one allele in proportion to the other, as evaluated using GeneScan software.
p53 gene mutations were assessed by SSCP, as previously described (Bosari et al, 1995) , and mutations were characterized by DNA cycle sequencing, using Big Dye terminator chemistry on an ABI 310 automated sequencer (Applied Biosystems).
